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Abstract

This report tests the usefulness of arborne time-domain eectromagnetic (TEM) dataon
three minerd-resource-related issues. (1) to test whether known minera deposits at or
near the surface display any sgnd inthe TEM data; 2) determine whether TEM data can
be used to locate bedrock concedled by basin fill; and (3) if the exposed minera deposits
disolay asgnd in the TEM data, to determine if whether deposits are recognizable at
depth in outcropping bedrock or in bedrock concealed beneath basin fill. Because Earth's
total-intensity magnetic field data are dso acquired with the TEM data, these data are
included in the andlysis.

The Cottonwood Canyon areain Santa Cruz County, Arizona, contains severd
polymetdlic vein deposits, including those of the Tynddl, Sdero, and Wrightson mining
didricts, dl of which have had sgnificant minera production. Polymetalic vein deposits,
which generdly consst of veins of disseminated metdlic minerds, commonly exhibit a
response to eectrical geophysical methods. Also, on the basis of other studies, the
conditions that produced the polymetdlic vein minerdization in the region are believed
to extend offshore into the bedrock concedled by basinfill.

The polymetallic vein deposts of the Cottonwood Canyon area dl display a geophysica
sgnature in the TEM data. These deposits occur in bedrock that has, in generd, avery
low resdtivity. The polymetdlic vein deposits are associated with high-conductivity
regions that extend from deep in the bedrock to the surface. These high-conductivity
regions can be quite narrow (100 m) or quite wide (1 km); most are relaively narrow.
Every known minerd deposit or prospect is associated with a high-conductivity feature.
High-conductivity regions can also occur without an association with known minera
deposits.

Airborne TEM data appear to be able to locate the basin fill/bedrock contact beneath
basinfill. The basn fill (both dry and saturated) is generdly more conductive than the
bedrock. The low conductivity of the bedrock ensures that no signal from the bedrock is
received from under the basin fill in most places. Therefore, in most areas of bagn fill,

the bedrock is interpreted to be the bottom of the signal in the conductivity-depth
transforms (CDTYs). Although the CDTs locate the basin-fill/bedrock contact, on the basis

of acomparison with a recent report, they mostly overdtate its depth by afactor of at least
2.

Because CDTs based on airborne TEM data do not see into bedrock below basin fill, itis
impossible to detect mineradization in the bedrock concedled by such fill. Although the
geophysica sgnature of polymetdlic vein depositsis seen at depth in outcropping

bedrock, the existence of this geophysical signa does not guarantee the occurrence of
polymetalic vein deposits



Part |. Background

1.1 Introduction

The USGS has used airborne time-domain eectromagnetic (TEM) methods in southern
Arizonato address water-resource-related issues (Bultman and others, 1999a, b). These
investigations have demongtrated the ability of TEM datato differentiate the compaosition
of basin as degp as 400 m below the surface. Thisinformation has proven especialy
useful to studies of the hydrogeologic properties of basinsin the Southwest. This report
tests the usefulness of TEM data on three minerd-resource-related issues. (1) to test
whether known minerd depodits a or near the surface display any sgnd inthe TEM
data; (2) to determine whether TEM data can be used to locate bedrock concealed by
basin fill; and (3) if the exposed minerd deposits display asgna in the TEM data, to
determine whether any deposits are recognizable at depth in outcropping bedrock or in
bedrock concedled beneath basin fill. Because the Earth's total-intengity megnetic fidd
data are aso acquired with the TEM data, these data are included in the analyss.

The minerd-resource potentia and geology of Coronado Nationa Forest, southeast
Arizonaand New Mexico (DuBray, 1996), reved many aress of potentia undiscovered
minerd depoditsin southeastern Arizonaand New Mexico. The study areafor this report
isin Cottonwood Canyon (pl.1; fig.1), in the western Santa Rita Mountains and the
adjacent Santa Cruz Basin.

Fig. 1. Sketch map of Arizona showing location study area. See plate 1 for detalls.



The Cottonwood Canyon area was chosen for severa reasons. Firdt, the Tyndall, Saero,
and Wrightson mining digricts are located in exposed bedrock at the western margin of
the Santa Rita Mountainsin or near the study area (fig. 2). Because the geologic setting

of these deposits gppears to continue from the exposed bedrock into the basin, conditions
that produced the minerdization in the region probably extend offshore into the bedrock
conceded by basin fill. Second, the Tynddl, Sdero, and Wrightson mining districts are
composed of polymetallic vein deposits (Bultman and Drewes, 1996), which commonly
exhibit a response to dectrical geophysica methods (Klein and Bankey, 1992). Third, the
polymetalic vein deposits of the Tynddl mining digtrict have had significant minera
production, indicating heavy minerdization, which may help incresse the response of

these depositsto an dectrica sgnd.

Fig. 2. Western margin of the Santa Rita Mountains, including study area (fig. 1).
Photograph taken from Arizona Interstate Highway 19 in the Santa Cruz Valey. See
plate 2 for mine location.



1.2 Geology and Mineral Resour ces of the Cottonwood Canyon Area

The Cottonwood Canyon area (pl.1; fig.1) isin the southern Basin and Range Province of
southeastern Arizona and northern Sonora, Mexico. This physographic province conssts
of aterrain of dternating fault-bounded linear mountain ranges and sediment filled basins
that began to form about 17 ma owing to dominantly east- northeast/west- southwestward
directed crustal extension (Gettings and Houser, 1997). The modern topography includes
northeastward and northwestward components that may have resulted from movement
aong the west- northwest- trending Mesozoic faults which were reactivated by Miocene
extension. The study area encompasses part of the western margin of arange, the Santa
Rita Mountains, and part of the eastern Santa Cruz Vdley (pl. 1).

Plate 1. Topographic map of the Cottonwood Canyon area, southern Arizona.

Click hereto see plate 1 at higher resolution.

The Cottonwood Canyon areain idedly suited to this sudy. The numerous intrusions,
faults, and abundant potential host rocks make this area highly prospective for more



minerd deposts, especiadly at depth. Geologic trends in the area continue northeastward,
and this same prospective geologic setting may continue concedled by baan fill to the
west of the Santa Rita Mountains. Bedrock depth is estimated at less than 100 m over
those parts of the study area where bedrock is concealed by basin fill (Gettings and
Houser, 1997). The Cottonwood Canyon areais home to the Tyndall, Sdero, and
Wrightson mining digtricts. Numerous mines and workings are located in this region, and
many of the mines had moderate amounts of production.

The minerd depogitsin the study area (pl.1; fig. 1) can be dassfied as polymetdlic vein
deposits (Bultman and Drewes, 1996). As mentioned previoudy, polymetdlic vein
deposits commonly exhibit a response to dectrica geophysicad methods (Klein and
Bankey, 1992). The stockwork structure of the mineralization in the study area (M.E.
Gettings, ora commun., 1999) may help increase the response of these particular deposits
to an dectricd sgnd. Only agenerd overview of the geology of the Sudy areais
presented here, focusing on the rock types and their potentia as host rocks for
polymetalic vein deposits. For more detailed geologic and minera-resource information,
see Drewes (1971), Bultman and Drewes (1996), and Drewes (1996).

A geologic map of the study areais shown in plate 2. The accuracy of the geologic maps
that are used in this report needs to be addressed. They were digitized from the geologic
map by Drewes (1996) and represent the most recent geologic map of the Cottonwood
Canyon areaat ascde of 1:125,000. This digitization was preliminary, because no digital
verson of Drewes map has been published at thistime. Thus, the accuracy of the
linework has not been reviewed for conformity with U.S. Geologicd Survey standards. In
fact, an overlay of thisdigital geology on the origind data shows that in some places
spatid-regigtration errors as large as 90 m occur, most of which are confined to mapped
basin fill, though not dl. In no places do these errors affect the interpretation of the
relation between geology and geophysica data presented in thisreport. All mines are
accurately located as digitized from U.S. Geological Survey 1:24,000-scale 7.5-minute

topographic-quadrangle maps.

The exposed bedrock in the study area (pl. 1; fig. 1) is dominated by alarge northwest-
griking Late Cretaceous stock (unit TKg, pl. 2) on its eastern margin. The northwestern
part of this stock is mapped as the Elephant Head Quartz Monzonite (Drewes, 1971), and
the southeastern part as the Josephine Canyon Diorite (Drewes, 1971). The remaining
exposed bedrock consgts of Tertiary intrusive rhyolite (unit Ti), Tertiary rhyolite to
rhyodacite flows and tuff (unit Tr), Late Cretaceous rhyalite flows and tuff (units K,
Krt), Late Cretaceous andesite (unit Ka), sedimentary deposits of the Early Cretaceous
Bishee formation (unit Kbu), and small Jurassic granite stocks (unit Jr) that are related to
alarger intrusion to the east. Precambrian rocks aso crop out, including Middle to Early
Proterozoic gneiss and schigt (unit Y Xm) and the Early Proterozoic Pind Schist (unit
Xp). The entire study areais cut by northwest-trending faults and severd Tertiary
northwest-trending quartzlatite dikes.

A mgor northwest-trending fault, the Sdero Fault, is the proposed south boundary for a
L ate Cretaceous caldera. This boundary follows the Salero Fault from the southeastern to
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the centra part of the sudy area, where it turns northward (the northerly trending fault is
unnamed). The volcanic rocks to the north and east of these faults include welded tuff
(unit Krt, pl. 2) and exatic-block-member volcanic breccia (unit Ka).
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Plate 2. Geologic map of the Cottonwood Canyon area, southern Arizona

Click here to see plate 2 at higher resolution.

The large Late Cretaceous stock forming the eastern boundary of the study area (pl. 1,
fig.1) isunminerdized. Where this stock isin contact with smdler plugs of Jurassic
granite (unit Jg, pl. 2), the granite is unmetamorphosed. Host rocks for the polymetallic
vein depodgitsin the study areainclude Lower Paeozoic sedimentary rocks such asthe
Horquillalimestone of the Naco group (unit PPn), which is commonly minerdized and
may be present at the Glove Mine (pl. 2). Other host rocks include andesitic to dacitic
flows and tuff of Late Cretaceous or Paleocene age, which are important at the Montosa
and Saero Mines. Many limestone blocks in the exotic-block members of the Upper
Cretaceous Sdlero Formation (unit Ka) are probably Horquilla limestone, and where the
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andesitic host rock is minerdized, these limestone blocks may be sites of polymetalic
skarn. The presence of metamorphic rocks and dikesin an areawhere no large intrusive
bodies are exposed may indicate a concealed stock (or concealed part of the major stock
to the northeast), a condition that may provide a favorable setting for occurrence of ore
depositsin the subsurface.

To the east of the exposed bedrock in the study area (pl 1; fig.1) isbasin fill of the Santa
Cruz Bagin, chiefly composed of dluvid sand and gravel depodts that form fans,
terraces, and channels. The sedimentary rocks are Miocene to Holocene in age. On the
basis of age and consolidation, these sedimentary rocks can be divided into two basin-fill
unitsoverlain by surfida deposits (Gettings and Houser, 1997). The lower basin-fill unit,
or Nogales formation (unit Tuc, pl. 2), is probably Lower and Middle Miocene and is
poorly to moderately well consolidated; the upper basin-fill unit (unit QTg or Qtgu) is
Upper Miocene to Lower Pleistocene and is unconsolidated to poorly consolidated. The
aurficia depodts (unit Qg) include Pleistocene and Holocene dluvium of stream
channds, flood plains, and terraces, these deposits are unconsolidated overdl but locally
well indurated.

In aprevious study (Gettings and Bultman, 1993), three necessary conditions for the
existence of polymetalic vein deposits were selected: 1) the presence of carbonate-
bearing rocks within hypabyssd depths, (2) sgnificant fracturing of the host rocks, ad

(3) close proximity to felsc intrusive rocks. The tempora sequence of these conditions

can be ignored here because, except in oneinggnificant case, throughout the study area
(pl. 1, fig. 1) the carbonate rocks are al older than the felsic intrusve rocks and

fracturing is everywhere a least contemporaneous with the intrusions, if not preexigting.
The three conditions stated above are met by most bedrock outcropsin the study areaand
likely continue in the bedrock conceded by bagn fill in the eastern part of the study area.

1.3 TEM Data

GEOTEM, the TEM data- acquisition systemn used in this study, is a proprietary, fully
digitd arborne-survey system devel oped and operated by Fugro Airborne Surveys. The
system is consgs of an aircraft, aset of transmitter and receiver coils, and
indrumentation. The transmitter array congsts of Six horizonta-1oop cables strung from
nose to wing to tal to wing to nose on the outside of the aircraft for atotal loop area of
232 n? (fig. 3). This transmitter-loop array is driven by a 935 amp (600 amp RMS) half-
sne-wave time-domain signa powered by a generator-transmitter located onboard the
arcraft. Thereceived sgnd (conssting of the primary tranamitted sgna and the
secondary Earth-response Sgnd) is measured by atowed-bird detector with three
mutualy perpendicular coil axes. The EM receiver bird is towed behind the aircraft and
about 120 m above the ground during flight (fig 4). The three receiver-coil axes are
sengtive to horizontal conductors (Z-axis), and vertical conductors (X- and Y-axes). The
X-axisreceiver coil couples preferentialy to sgnds arisng from vertica conductors
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whose drikeis pardld to the flight direction, while the y-axis responds preferentidly to
vertical conductors perpendicular to the flight direction (Wynn, 1999).

Fig. 3. Recalver "birds' and transmitting coil around perimeter of aircraft. Photograph
courtesy of Jeff Wynn.

For an eectromagnetic dipole, sgnd strength fals off as the cube of the distance
between source and receiver, and so the transmitter must be maintained as close to the
ground as safety permits. Effective signd-penetration depth aso increases with
decreasing frequency (which arrives a progressvely later times after the initid impulse).
Nomind flight-terrain clearance was held a 120 m except in steep terrain where safety
made this impossible (Wynn, 1999).

The dectromagnetic transmitter operated at the system minimum repetition rate of 30 Hz,
giving a pulse width of 4,036 pis to maximize penetration of the tranamitted Sgnd in an
arid, conductive environment. The three-component multicoil system at this repetition
rate is expected to provide conductivity information aswell as structurd information
about the upper 150 to 400 m of subsurface.
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Fig. 4. GEOTEM system in operation. Photograph courtesy of Jeff Wynn.

Redl-time digital processng is done on the received sgnd, dlowing for efficient remova
of the primary sgnd and effects of arcraft-frame flexure and vibration, a process cdled
compensation. The different time-sampling windows of the resulting resdud Earth
coupling response thus have alow noise content, permitting effective use of secondary
sgnds from subgtantid depths. This"gating” indicates the depth of the source; that i,
longer times corrdate with deeper sources (Wynn, 1999).

Conductivity Depth Transforms (CDTS) are a proprietary product derived from the gated
airborne TEM datathat are provided at extra cost by Fugro. The CDT-cdculation
process, based on a forward-modding sgnd- correlation agorithm, converts the gated
results to discrete conductivities as afunction of depth using an infinite haf-space
assumption. The mathematica technique used to caculate the CDTs was described by
Wolfgram and Karlik (1995). Though not technically atrue inversion, the technique
produces results smilar to atrue inversion based on the diffusion equation, yet requires
much less computation. CDTsfor this sudy were delivered to USGS as both printed
output and digital grid data

CDT datafrom basin fill have been compared with vertica dectrical soundings (VES'S)
carried out in the upper San Pedro Basin and reported by Pool (1999). In general, good
agreement was found between the CDT information and the VES and well logs for the
first 150 m below the Earth's surface (Wynn, 1999). Bultman and Gettings (1999) dso
andyzed CDT accuracy by comparing the CDT vaues at a given location to resstivity
well log data at each of nine test wells a Fort Huachuca, Arizona, in the upper San Pedro
Basin about 50 km east of the study area (pl.1, fig. 1). For the comparison, nowhere was
the CDT-cdculaion point more than 200 m from the test well. The comparison included
consderation of the eevation of the water table and its effects on the CDT. To compare
the CDTsto the resigtivity logs, the CDT conductivity values were converted to
resdtivities and plotted dongsde the resstivity well logs for each of the nine test wells,

as shown in figures 5(a) through 5(i).
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Fig. 5 demongrates some interesting relation between the CDTs, the well residtivity logs,
and the water tables. Firg, the digital CDTs consstently demondirate a higher resstivity
throughout the profile than does the well log. Second, the shape of the CDTs matchesthe
generd shape of the well logsin most wells for the first 150 m of depth; that is, if the
well logs were to be smoothed with a smoothing filter, most of their shapes would be
gmilar to those of the CDTs. Third, for many of the test wells, the water table lieswithin
asmal distance from the upper resstivity minimum of the CDT data. This Stuation is

not true in test wells 1 and 2, which were drilled in the highly resstive, consolidated
Tertiary conglomerate Pantano Formation in the San Pedro Basin (the Pantano issmilar
to, consdering time of deposition and amount of consolidation, the Nogales Formation
[unit Tuc, pl.2] inthe study area, pl. 2; fig. 1). The other test wellswere dl drilled in
unconsolidated basin fill. The CDTs at test wells 1 and 2 display extremely high
resdtivities at the ground level and an upper resigtivity minimum dightly below the water
tablein test well 1 and about 80 m below the water table in test well 2. In areas of highly
resstive rock a the surface, the upper resistivity minimum does not seem to correlate
with the water table; its depth seems to be exaggerated. Test well 6 also displays an upper
resgtivity minimum below the water table, which is a about 40 m depth. All of the other
test wellshave a CDT upper resdivity minimum within one verticd dataincrement (11.7
m) of the water table. In genera, where not in the Pantano Formation (or with dry basin
fill above dry Pantano?) and confined to the geographic area of the test wdlls, the CDT
upper resgtivity minimum seemsto corrdate fairly wel with the water table, possibly
owing to more conductive, less permesble deposits controlling the location of the water
table. Fourth, the CDT resdtivity profiles seem to corrdate well with actua resistivity to
about 150 m depth. At greater depths, conductive features seem to be conservatively
estimated or underestimated.

The vertica disance of CDT profilesin basin fill of the upper San Pedro Basin (Bultman
and Gettings, 1999) from the water table are plotted against and the log of resdtivity in
fig. 6. The CDT profiles are cdculated from the vertical conductivity data at each point.
Zero on the ordinate of the plot represents the water table, positive numbers on the
ordinate are above the water table, and negative numbers below it; the top of the line
represents the eevation of the ground surface.

The CDT profiles show thet the firg minimum for many lines, the upper minimum in
resstivity (down from the top), lies near the water table, afeature referred to as the upper
resgivity minimum. This festure might be expected in an idedl Situation. The

sedimentary column is made up of many interfingering facies depodits that vary in
composition and sze. Moving downward toward a point where the pore spaceis
saturated with a conductive fluid, the resstivity may tend toward aloca minimum. This
may aso be caused by a change in the sedimentary column to afacies of predominantly
clay and slt (which are more conductive than coarser grained deposits). Although many
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wells digolay aminimum resigtivity at gpproximately 100 m below the water table, in generd it
is a second minimum that represents alower conductor, probably a zone of day and sit.

Fig. 6 indicates that the water table may be visble inthe CDT data, but it isimpossible to
determine whether the minimum resgtivity at the water table is due to water table or the presence
of more conductive deposits (or both). In many places, sit and clay may be supporting the water
table. In any case, this uncertainty is not believed to be important in the study area (pl. 1; fig. 1)
because the water tablein most of this areais very near the surface based on the Arizona
Department of Water Resources Ground Water Site Inventory (GWSI) database (ADWR, 1999).
Most water wells have depths of 6 m or less, possibly indicating that the vadose zone extends to
or near the surface.

Wells up to 200 meters from CDT location

Wz 73l
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g —mu_—
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—200: .||,,,||”|
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Log base 13 of Resistivity {chm—masters)

Fig. 6. Vertica distance from water table of CDT profilesin basn fill of the upper
San Pedro Basin.
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1.4 CDT Data Used in This Report

The airborne TEM data used in this study were acquired for the USGS by Fugro in
January 1998. The primary flightpaths were designed to cover about 12.6 km west to east
over the study area (pl. 1; fig. 1) and to have a 400 m north- south spacing. In addition,
four north-south tidines were included with a4-km spacing. The locations of the
fligntpaths over the study area are shown in plate 3.
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Plate 3. Flightpaths over the Cottonwood Canyon area, southern Arizona. See plate 2 for
description of units.

Click here to see plate 3 at higher resolution.

The data from each flightpath were converted to a CDT by Fugro and was ddlivered to
the USGS both as a set of printed CDTs and asdigital data. Each CDT is numbered
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according to the flightpath from which the data to build it were acquired. In this study,
the digitd CDT data are used in two ways. Firg, the digital CDT grids are viewed
individudly, usng image-analysis software. Second, the CDT grids are integrated into a
three-dimensiond data- cube representation of conductivity in the study area, using
gppropriate volume-visudization software. The data cube islabeled by the ordina
directions of its corners (NW, NE, SE, SW), and these labels are used as locational
references when viewing the cube (plate 3).

The surface reference of the CDT gridsis reprojected to the true terrain surface during
CDT processing. Because the grid file must till, however, have a horizontal datum
reference, the highest barometric elevation reached over the survey block is chosen as
this datum. The depth of investigation is a parameter specified during CDT processing on
the basis of both the depth of andlysis of the TEM data and the total elevation difference
in the study area. For the Cottonwood Canyon survey, the depth of investigation was
chosen to be 1,700 m. The deepest caculated conductivities lie approximately 500 m
below the surface. The verticd rdief is about 1200 m.

In these "terrain corrected” CDT grids, the blank area between the top of the section and
the first layer of red values represents air. The contour of the first layer of redl vaues
defines the ground surface and matches the topography under the region where the
airborne TEM data were acquired. The CDT is caculated with 128 vertica data
increments, and o, on the basis of the depth of investigation, the resulting fixed Z-
direction cell Szeisequa to 1,700 m divided by 128 or 13.281 m. The horizontal
distance between data pointsin the CDT is based on the rate of data acquisition and the
arcraft gpeed. In this study, the aircraft was flown as dowly as possible, and the resulting
down-flightline data. gpacing is about 22.1 m.

Part 2. Geophysical Signature of Polymetallic Vein
Depositsin the Cottonwood Canyon Area

2.1 Introduction

Both airborne TEM data and Earth’ s total- intensty magnetic field data were used to test
whether the polymetdlic vein deposits of the Cottonwood Canyon area (pl. 1; fig. 1)
digplay any geophysical sgnature. Because these depodits are related to felsc intrusve
bodies, the associated intrusions are expected to be visble in the magnetic anomaly data.
Because the minerdization in the polymetdlic vein depodts of the Cottonwood Canyon
areais stockwork in nature and widespread, it is expected to create a Sgnificant response
in the eectricd data. The faulting associated with these deposits may aso produce an
electrical response.
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2.2 Magnetic Field Anomaly Map in Relation to the Geology and
Polymetallic Vein Deposits of the Cottonwood Canyon Area

Earth's total-intensity magnetic field data were acquired during the airborne TEM survey

of the study area (pl. 1; fig.1). The data were andyzed to determine whether any relations
exist between the Earth's magnetic field data and specific geologic features, rock types, or
minerd depositsin the Cottonwood Canyon area. A magnetic anomaly map of the
Cottonwood Canyon area made from data acquired during the January 1998 Cottonwood
Canyon airborne TEM survey is shown in plate 4. The datarange is quite large, covering
more than 1,200 nT. In generd, the range is larger in the exposed bedrock (eastern two-
thirds of map) than in the basin fill.

00000 302000 504000 SOECCC  SCBC00 510000 512000
T T T T T T T

=5 Pl L
[

QO09&6FE OOOBGFLE D0Q00S5E  Q00Z058T  O0OFISEOD0SIST

DI R R L b £ 000 00~ TR 5 b3 = 0 (0 £0000 00 “ndnd Cd {3 5 o g0

LI L UL VO U U BN OO DO B S T OO T |
P 8 DR S S S ] Y P S e e i et i G A e S S

1 1 1 | 1 1 1
500000 502000 504000 GOECOC 508000 510000 512000
UTM easting

Plate 4. Magnetic anomay map of the Cottonwood Canyon area, southern Arizona.

Click hereto see plate 4 at higher resolution.
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Although the color shaded relief imaging presented in Plate 4 is useful, some geologic
information must be superimposed on the magnetic anomay map for andyss. In plates 5
and 6, the geologic map is displayed as a transparent gray-scale map superimposed on the
magnetic anomaly map. Plates 5 and 6 are identica except for the color lookup tables.
Because each plate displays so much information, it is difficult to devise a color lookup
that shows everything. By showing both of these plates, dl features are visble. The
geologic map used in plates 5 and 6 includes mine and prospect information. Plates 5 and
6 were used to examine the relation between map units, mines, and anomdies of the
Earth's magnetic fidd. Plate 2 should be consulted for specific information on the

geologic map, including map-unit symbols and mine names.
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Pate 5. Magnetic anomay map of the Cottonwood Canyon area, southern Arizona, with
superimposed geologic and minerd-resource data (pluses, mines or prospects)

Click here to see plate 5 at higher resolution.
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Plate 6. Magnetic anomay map of the Cottonwood Canyon area, southern Arizona, with
superimposed geologic and minerd-resource data (pluses, mines or prospects) and
reversed color table (pluses, mines or prospects).

Click hereto see plate 6 at higher resolution.

From plates 5 and 6, the following observations can be made, usng map-unit symbols
(seepl. 2 for descriptions). Within the outcropping bedrock, unit TKg has some of the
highest magnetic anomay vaues in the map area. The highest values correspond to the
Josephine Canyon diorite, and lowest vaues to the Elephant Head quartz monzonite (unit
TKg). Units Kr and Krt appear to be reversed; these units are associated with the
previoudy defined caderain the Cottonwood Canyon area. Unit Ka, which is older than
units Kr and Krt but also associated with the caldera, is not reversed. Unit Jg, which
occurs as smal socksin the study area (pl. 1; fig. 1), digplays both high and low
magnetic anomay vaues, it may be normdly polarized in some areas and reversed in
others. Units Ym and Yg have moderate to low magnetic anomaly vaues. These units
are separated from units to the northeast by the Salero Fault, making it quite
digtinguishable in the magnetic anomaly map. Unit Ti has a moderate to low magnetic
anomay vaue, and unit Tr a high to moderate magnetic anomaly vaue. Unit Tr can be
extended westward under basin fill on the basis of its magnetic anomaly vaue and
magnetic texture. Unit PPn, limestone, is nonmagnetic except where minerdized. There
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is no magnetic indication of the many northwest-trending dikes in the region; these dikes
may be rhyolytic and thus nonmagnetic.

The basin fill haslow magnetic anomay vaues to the north and higher magnetic

anomay vauesto the south. The separation of these vaues trends northwest. Unit YXm
appears to extend northwestward under basin fill from where it crops out for severd
kilometers; its northeastern margin defines the Salero Fault. Units Xp and (or) PPn
extend about 2 km northwestward under basin fill, where they are then replaced by more
magnetic rocks. Thisfault or contact may be highly prospective for concedled minera
deposits. The southwest corner of the magnetic anomaly map (pl. 6) seemsto have the
sametextura properties as unit Tr and so this unit may be conceded there.

Many of the mines and prospects are found on located magnetic gradients. Thus,
combinations of steep magnetic gradients and proper host rocks are prospective areas for
deep (un-exposed) polymetadlic vein depositsin outcropping bedrock. Steep magnetic
gradients where bedrock is concedled by basin fill have a high potentia for undiscovered
minerd depogitsin the conceded bedrock, especidly in the northwest corner of the
magnetic anomay map (pl. 6), where potential host rocks are likely to occur.

2.3 Airborne TEM Data in Relation to the Geology and Polymetallic Vein
Deposits of the Cottonwood Canyon Area

To andyze the airborne TEM data, two approaches were used. First, CDT data for each
flightline were plotted on the geologic and mine location map for thet flightline. In
addition, Earth's total-intensity magnetic field profiles were plotted. These data are shown
for each of the 19 west-to-east flightlines and for the 4 south-to-north tidinesin figures 7
through 29. Second, data from the 19 west-to-east CDTs were entered into volume-
visudization software to create a three-dimensona modd of conductivity in the sudy
area(pl. 1; fig. 1).

2.3.a Analysis Based on Individual CDTs

Each CDT, with the accompanying Earth's total- magnetic fidd data, was analyzed by
superimposing it on top of its flightline location on the geologic map of the Cottonwood
Canyon area (pl. 2). Featuresin the CDTs and the flightline magnetic data could then be
compared with the geology over which the data were acquired. These interpretations are
shown for each of the 19 west-to-east flightlines and the 4 south-to-north tielinesin
figures 7 through 29.

Interpretation is aided by the construction of numbered verticd lines, caled pointers,

from featuresin the CDTs or magnetic data to the corresponding features on the geologic
map (or vice versa) (pl. 2), providing alocationd tool for discussion about the
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interpretations. The pointers are divided into two groups. (1) Blue pointers are used to
point out purely geologic features. The labeling scheme for blue pointers sarts with the
letter "G"; next comesthe CDT number, and findly the festure number. Thus, the 4th
geologic feature (from west-to-east) on CDT 7 is numbered G7-4. (2) Red pointers are
used to point out features related to mines, prospects, or other minera-resource features.
Thelabding scheme for red pointersis smilar to that for blue pointers, except that the
labd s begin with the letter "M".

The congraints on the conductivities portrayed by the CDT's and presented above need to
be considered; namely, the conductivities shown by the CDTs are probably lower than
the actud conductivities of the rocks. The conductivities are even more underestimated
bel ow about 150 m depth. An upper conductivity maximum near the surface in the basin
fill may represent the water table or may just be clay-rich sedimentary deposits. Because
mogt water wells in the region have water levels within 6 m of the surface, the upper
conductivity maximum will probably not be rdated to the water table. The vadose zone
may extend to the surface in this case. Also, the vertica resolution of the CDTsisonly
about 13 m. The upper conductivity maximum related to the water table may only be seen
in the western portions of the survey where ground water is deeper (ADWR, 1999), if at
al. Also, on the basis of previous andyses, the depth estimates of features seen on the
CDTsin areas of highly resstive surface rock may be exaggerated. Thisrdation, if it
exigs, has not yet been quantified.

2.3.b General FeaturesVisblein CDTsin the Cottonwood Canyon Area

In the CDTs shown in figures 7 through 29, white areas contain no data and colored areas
represent conductivities estimated from the airborne TEM data by the CDT caculation.
The top of the data area conforms to the topography dong the flightlines, areas with no
data below data areas represent where the signal-to-noise (S/N) ratio in the GEOTEM
system was too low for aCDT solution to be calculated, as occurs a about 150 to 400 m
depth in areas of conductive rocks and at as much as 700 m depth in non-conductive
rocks. In areas where no CDT data are present at all, the SN ratio wastoo low for aCDT
solution to be caculated, as generdly occurs only in areas of very low conductivity
surface rocks. Inversons and transformations of €l ectromagnetic data have been known

to have severe errorsin the estimation of depth. It is assumed in this study that the depth
represented in the CDT is accurate.

Observations of the CDTsindicate that bedrock generdly has avery low conductivity
and outcrops of igneous and volcanic rocks have conductivities of 0.001 S'm or less.
Only units Tr, Kr, and PPn (where mineralized?) have conductivities of at least 0.01 S'm
or greater. Many of the areas of low-conductivity bedrock have higher conductivities at
depth. If thisfeature is red, the depth may be exaggerated because of the very low
conductivity materia aboveit.
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The conductivities in the basin fill range from moderate to very high. Also, the high
conductivity region extends to at least 250 m depth and shows no indication of low-
conductivity materia at depth. Asaresult, in most places the basin-fill/bedrock interface
inthe CDTsis estimated to be where the CDT calculation fails benesth areas of high
conductivity rocks, that is, at the boundary where no data are visible benesth the basin
fill. Some exceptions to this rule include areas where there are areas where moderate
conductivity rocks underlie more conductive basin fill, possibly owing in part to the
diminishing sensitivity of the CDTsto conductivity with depth or to stratigraphic changes
inthebagnfill. CDT 4 (fig. 10) and CDT 6 (fig. 12) are two places where bedrock may
actualy be seen concedled by basin fill. The low-conductivity regionsthet are visble
benesath the highly conductive basin fill in these areas have conductivity of 0.1 to 0.001
S/m, possibly indicating indicate that only moderate conductivity bedrock isvishble
benesth conductive basin fill (such asunit Tr, Kr, or PPn, pl. 2). Very low conductivity
bedrock smply does not alow enough eectrica current to penetrate to be visible beneath
besn fill.

In some areas on the western margin of the survey area, the data extend al the way to the
bottom of the depth of investigation. It is assumed that in these areas, the baain fill

extends deeper than the depth of investigation. On the bads of an andysis of gravity and
water-wel data, Gettings and Houser (1997) estimated bedrock depthsin these areas at
no more than 100 m. However, very few gravity sations are located in the basin fill of

the study area (pl. 1; fig. 1), and so basin depths were estimated from a 1-km gravity grid.
Thus, the depth estimates are highly generdized and only represent smaller-scale fegtures
than those used in this study. In the Cottonwood Canyon area, much local vertica offset
in the bedrock isinvisblein the small scae study by Gettings and Houser (1997). CDT
interpretations in this areaimply that bedrock is locally deeper than interpreted by
Gettings and Houser (1997), and they provide much information on the basin fill. Again,
the reader is reminded that the vertical distances in these CDTs could be erroneous.

A recent study by Baldyga (2001) uses gravity data to model geologic cross sectionsin
the Cottonwood Canyon area (pl. 1; fig. 1). Appendix 2 presents a comparison of
Badyga s cross sections and parts of the CDTs that lie near these cross sections. This
andysis concluded that if the bottom of the CDT data represents the basin-fill/bedrock
contact, then, the depths to that contact are greetly overestimated in the CDTs (by afactor
of 2 or morein most places). Also, vertica offsets in the bedrock are under-expressedin
the CDTs.

2.3.c Interpretation of Individual CDTs

To alow the reader to get afeding for the decisons made in the interpretation process,
only thefirst two CDTs are andyzed here; the interpretations of the other CDTs are
summarized in table 1 (page 29). Each feature pointer in the CDTs (Figs. 7-29, pages 27,
28, 29 and 30) has component listed in table 1 describing the interpretation at that
pointer.
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CDT lisshownin figure 7. All outcropping bedrock has avery low conductivity,
including units PPn, Ka, and TKg (pl. 2). The low conductivity dlowsthe TEM system

to see deeper, but depth estimates may be exaggerated. Pointer G1-1 (fig. 7) isalow to
high conductivity bresk that may indicate a conceded fault. The basin fill gppearsto be at
least 500 m deep to the west of pointer G1-1, where the bottom of the depth of
investigation is reached (700 m evation). Lower conductivity near the surface to the
west of pointer G1-1 may be due to the water table dropping away from the surface.
Some water wellsin this area (the far western part of the survey areq) have water depths
of 60 to 90 m (ADWR, 1999). Between pointers G1-1 and G1-2 isan area of two small
bedrock highs, each with a corresponding magnetic high. The depth of basin fill is400 to
500 m and the basin-fill/bedrock interface is assumed to be the bottom of the datain the
CDT. Between pointers G1-2 and G1-3, there appears to be a bedrock high that reaches
to within 50 m of the surface. Bedrock is known to crop out just to the north of this site.
To the east of pointer G1-3, conductivity is high and the basin seems to be more than 300
m deep. At pointer G1-4, abreak in conductivity sgnasafault and the concealed unit
PPn probably liesto the east. Pointer G1-5 isthe basin-fill/bedrock contact into poorly
conductive Paleozoic sedimentary deposits (unit PPn). This boundary has a strange
conductivity relation that may be complicated by water entering the basin fill. Whatever
the reason, the high conductivity region of basin fill seemsto be pulled down & the
basin-fill/bedrock interface, an interesting problem that should be attacked with aforward
modding tool. Pointer G1-6 isafault in unit PPn and a conductivity high in the CDT that
may be due to water in fractures or to minerdization.

CDT 1 intersects three minerdized aress. The firgt intersection occursin a group of
workings with unknown production values (pointer M1-1, fig. 7) near whichisa
conductivity maximum that reaches the surface. The second intersection (pointer M1-2,
fig. 7) occurs a the Montosa Mine, where again, a conductivity maximum reaches the
surface. Thismine islocated on afault that separates the Paleozoic Naco Formation from
Cretaceous andesite. A smal magnetic high that aso occurs between pointers M1-1 and
M1-2 (fig. 7) could be asmadl intrusion or acupola of alarger, degper intruson. The
third intersection (pointer M1-3, fig. 7) occurs at the Tia Juana Mine just south of the
AEM flightline from which CDT 1 was derived. CDT 1 displays a conductivity
maximum directly digned with this mine, which is aso located on a steep magnetic
gradient.

CDT 2isshown in figure 8. Pointer G2-1 isahigh to low conductivity breek that may
indicate a concedled fault. Lower conductivity near the surface to the west may be due to
the water table dropping away from the surface. Some water wdlsin this area (the far
western part of the survey area) have water depths of 60 to 90 m (ADWR, 1999). The
bottom of the TEM data to the west of pointer G2-1 is interpreted as the basin-
fill/bedrock contact. A horst appears to occur between pointers G2-1 and G2-2. Thisarea
also corresponds to a magnetic high, probably the same feature that occurs between
pointers G1-2 and G1-3 (fig. 7) in CDT 1, 400 m to the north. This feature may reach the
aurface in thisarea. To the east of pointer G2-2, conductivity ishigh, and basin depth
seems to be about 250 m. At pointer G2-3 a bresk in conductivity Sgnas a northwest-
trending fault and the concealed unit PPn (pl. 2) lying to the east. Pointer G2-4 isthe
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basin-fill/bedrock contact with poorly conductive Paleozoic sedimentary deposits (unit
PPn). To the east of pointer G2-4 the SN ratio of the TEM system is very low, and the
solution to the transformation can be caculated in only afew places. The SN ratio is
higher in areas of higher conductivity bedrock.
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Figure 7. CDT 1 with Earth’s magnetic field data and geologic map. Figure 7 isdso avallable a
a higher resolution on page 29.

CDT 2 intersects two minerdized areas. The firdt intersection occurs in a group of
workings associated with the Montosa Mine (pointer M2-1, fig. 8), near whichisa
conductivity maximum that reaches the surface and extends eastward for some distance.
These conductivity highs that reach the surface to the east of pointer M2-1 are not
asociated with any known minerdization and seem to be associated with a smdll
meagnetic high. The second intersection occursin amineralized area (pointerM2-2, fig. 8)
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near some workings at the east end of the flightline. Again, a conductivity maximum

reaches the surface in this area. The workings at pointer M2-2 are also associated with a

steep magnetic gradient.
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The interpretation of the other CDTs are summarized in table 1. Table 1 and dl of the
figures (7 through 29) are accessible below by clicking on each link:

Table 1. Pointer references of geologic and minera related features to CDTs, Earth's
magnetic field data, and to ageologic map

Fig. 7. CDT 1 with Earth's magnetic field data and geologic map

Fig. 8. CDT 2 with Earth's magnetic fid d data and geologic map

Fig. 9. CDT 3 with Earth's magnetic fied d data and geologic map

Fig. 10. CDT 4 with Earth's magnetic field data and geologic map

Fig. 11. CDT 5 with Earth's magnetic field data and geologic map

Fig. 12. CDT 6 with Earth's magnetic fied data and geologic map

Fig. 13. CDT 7 with Earth's magnetic fidd data and geologic map

Fig. 14. CDT 8 with Earth's magnetic field data and geologic map

Fig. 15. CDT 9 with Earth's magnetic fidld data and geologic map

Fig. 16. CDT 10 with Earth's magnetic field data and geologic map

Fig. 17. CDT 11 with Earth's magnetic field data and geologic map

Fig. 18. CDT 12 with Earth's magnetic field data and geologic map

Fig. 19. CDT 13 with Earth's magnetic fidd data and geologic map

Fig. 20. CDT 14 with Earth's magnetic field data and geologic map

Fig. 21. CDT 15 with Earth's magnetic fied data and geologic map

Fig. 22. CDT 16 with Earth's magnetic field data and geologic map

Fig. 23. CDT 17 with Earth's magnetic field data. and geologic map

Fig. 24. CDT 18 with Earth's magnetic field data and geologic map

Fig. 25. CDT 19 with Earth's magnetic field data and geologic map

Fig. 26. Tidine CDT 101 with Earth's magnetic field data and geologic map
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Fig. 27. Tidine CDT 102 with Earth's magnetic field data.and geologic map

Fig. 28. Tidine CDT 103 with Earth's magnetic fidld data and geologic map

Fig. 29. Tidine CDT 104 with Earth's magnetic field data and geologic map
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2.4 Three-Dimensional I nterpretation of Airborne TEM Data in Relation to the
Geology and Polymetallic Vein Deposits of the Cottonwood Canyon Area

Thedigitd CDT data from flightlines 1 through 19 (pl. 3) can be used to examine
features and trendsin the airborne TEM datain three dimensions. Each CDT was
processed for differences in the starting and ending points of each flightline and for
differencesin the down flightline distances between sample points. The flightlines were
al essentidly pardld, and so no correction for differing flightline direction was
necessary. The processed data were then inputted into three-dimenson visudization
software that dlows the resulting volume to be visuaized from any perspective.

Visudizations of the three-dimensiond data cube are plotted with areverse-color scae
from the CDTs shown in figures 7 through 29. This reversed-color scale corresponds to a
resdtivity scae, wherein the regions of highest restivity (lowest conductivity) are

shown in red and the regions of lowest resstivity (highest conductivity) are shownin

dark blue. The explanation in these figuresis based on residtivity, which issmply the
inverse of conductivity. Vaues with missng data are now set to black instead of white,
because the three-dimensond visudization software uses a black background. To be
trangparent in the three-dimensond visudizations, the missing data must be black.

Figure 30 displays a horizonta dice through the data cube at an 850 m devation viewed
northeastward. The entire east half of the data cube lacks conductivity datain much of the
exposed bedrock, asisvishblein this dice. These data are missing because severa CDTs
had too low a SN to cdculate a solution in that area. The gtriping is due to the volume-
visudization software interpolating (to the north or south) to the next data vaue, whichis
zero if no data are present. Because of this problem, the data cube is less useful in some
areas where bedrock crops out.

Figure 30 shows highly conductive water-filled sedimentary deposits near the bottom of
the basin fill as blue regionsin the west third of the data cube. Latera variationsin
conductivity are shown as color variations in these blue regions. they are related to the
sand-versus-clay and it contents of the sedimentary deposits. Regions where the
horizontd dice intersects bedrock in the basin fill show up as areas with no data (black)
interspersed in the conductive sedimentary deposits. The green areas (labeled "bedrock?")
within the basin fill represent regions where moderately conductive bedrock (such as
units Tr, Kr, and PPn, pl. 2) are visible beneath the bagin fill. The “main range fault” is
plotted where conductivities drasticaly decrease. Although the actua range fault is
probably a system of severd faults, it is visble here asadramatic decrease in
conductivity and issmply referred to as the “main range fault”. Thus, thisterm indicates
where the trangition occurs from basin fill to bedrock as reveded in these data. Areasto
the east of this fault represent bedrock. Close to the fault, some bedrock is concealed by
bagin fill. One such area, where map unit PPn is concealed by shalow basnfill, is shown
in figure 30.
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Figure 30. Horizontal dice a 850 m devation through the three-dimensiond representation
of resgtivity in the Cottonwood Canyon area, southern Arizona. Data-cube corner labels
basad on direction and shown in plate 2.

Figure 31 shows a horizonta dice through the data cube at 1300 m devation, viewed
northeastward. It shows many of the same features seen in figure 30. The western part of
the data is missing because the dicein this areais aove ground level. The Sdero Fault is
visblein the data, and its location is shown in figure 31. The highly resgtive units Y Xm
and Krt make up the large red area in the southeastern part of the data cube. The
moderatdly resstive units Tr and Kr occur to the south of units Y Xm and Krt. The very
low resigtivity (high conductivity) area near the southwest corner of figure 31 marks the
bottom of basin fill on top of bedrock highs. These regions are dso visblein CDTs 18
and 19 (figs. 24 and 25).
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Figure 31. Horizontd dice at 1300 m eevation through the three-dimensiona representation
of resigtivity in the Cottonwood Canyon area, southern Arizona. Data-cube corner labels
based on direction and shown in plate 2.

Fig. 32 shows a dice through the data cube that is a plane dipping about 10° W., viewed
northeastward. This dip makes up for some of the change in devation of the ground
surface over the area. The diceis about 100 m below the ground surface in the basin-fill
part of the study area (pl. 1; fig. 1) and somewhat deeper in the exposed-bedrock part of
the Cottonwood Canyon area. Severa east-west and north-south lineaments visble in the
northern part of the data cune and are highlighted with red lines. Although east-west
anomalies are due to the east-westward direction of the flightlines, this does not explain
the entire anomaly. The green regions labeled *bedrock highs™ in figure 30 seem to be
controlled by east-west lineaments.

Mine and prospect locations are aso shown in figure 32. No correlations between the
mine and progpect locations and resigtivity vaues in the data can be made. The poor
qudity of the data, when viewed in this manner (that is, in horizontd or near-horizonta
dices), contributes to this problem.
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Figure 32. 10°-W.-dipping dice through the three-dimensiond representation of resigtivity in
the Cottonwood Canyon area, southern Arizona. Data- cube corner labels based on direction
and shown in plate 2.

Figure 33 shows severd east-to-west vertical dices through the data cube. Given that the
data cube is composed of only 19 east-to-west flightlines, only eest-west vertica dices
can be displayed in any ussful manner. Sices with any north-south component lack data
in thet direction. This dislay method, which alows an andlysis of festures on many
CDTsat once, isuseful for highlighting the spatid relation between features,

Many of the north-south festuresin the northwestern part of the data cube that are shown
in figure 32 are dso visible here, including a south plunging horst, and two northwest-
trending bedrock highs (in the basin fill). The features can be traced northwestward into
the Santa Rita Mountains.



In thistype of view, it is easy once again to pick out many of the narrow conductivity
highsin the exposed bedrock that are correlated with the mines and prospectsin the area,
severd of which are shown in figure 33.

| “—Tia Juana mine

workings . " Extent of I:|.\'.~:.~'
. ~ L SWio SE: 126 km

NWio SW: B.5km

horst plunging > : ol i ;
to the south } e Y | : \\ j\/Bll].l Springs mine Zax1s 1.7km

- (150m south of slice) Resistivity Key

(i log g, ohm-m)

bedrock highs plunging ~
to the southwest

Figure 33. Northeastward view of verticd dices through the three-dimensiond representation
of resdtivity in the Cottonwood Canyon area, southern Arizona. Data-cube corner labels
based on direction and shown in plate 2.

Figure 34 shows severd west-to-east verticd dices through the data cube, viewed
southwastward. The change in viewing direction helps to discern festures that were not
eadlly visble in previous figures. One conspicuous fegture is a northwest-trending fault in
the bedrock that extends to a bedrock high in the basin, aswell asafault that islikely one
of the severd faultsthat act as a range front-fault.
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Figure 34. Southeastward view of vertica dices through the three-dimensiond representation of
resgtivity in the Cottonwood Canyon area, southern Arizona. Data- cube corner labels based on
direction and shown in plate 2.

2.5 Summary of the Relation of Geophysical Data to the Geology and Mineral
Resour ces of the Cottonwood Canyon Area

Analysis of the magnetic anomay map of the Cottonwood Canyon area (pl. 5) revedls no
red surprises. The minera depositsin the area are related to felsc intrusive bodies, some
of which display alarge magnetic anomaly. The minerdization itsdlf tends to occur on
magnetic gradients, but not everywhere. If the intrusive body related to minerdization is

at depth in bedrock or represents a compositiona change in alarger intrusive body also a
depth in bedrock, it is difficult to analyze. The magnetic anomay map does, however,
contribute greetly to geologic understanding of the exposed bedrock and the basin.

In the basin fill, the magnetic anomay map (pl. 5) may be particularly useful ina
minerd-resource related sense. In the northwestern part of the study area (pl. 1; fig.1), the
map appears to show where host rocks (unit PPn, pl. 2) conceded by basin fill arein
contact with more magnetic rocks. This area could have a high potentia for undiscovered
polymetdlic vein depogts (or other types of minerd deposits).
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CDTsare the modd used in this study to interpret the TEM data. The CDTs do a good
job of portraying conductivity in much of the terrain inthe sud area (pl. 1; fig. 1). In
some area, where highly resistive rocks occur at the surface, the SN of the GEOTEM
system is so low that no CDT solution can be caculated. In these areas, no information is
displayed onthe CDT - - likdy aproblem in the GEOTEM system but not inthe CDT
agorithm. If that is so, the only solution would be to use a more powerful transmitter.

The polymetalic vein deposits of the Cottonwood Canyon area (pl. 1;fig. 1) do have a
geophysical signature in the CDTs. These deposits occur in bedrock that generaly has a
very low resdtivity. These polymetalic vein deposits are associated with high-
conductivity regions that extend from deep in the bedrock to the surface. These regions
can be quite narrow (100 m) or quite wide (1 km), but most are narrow. Every known
minera deposit or prospect in the Cottonwood Canyon areais associated with ahigh
conductivity feature (fig. 35). These high conductivity festures dso occur without being
associated with aknown mineral deposit, aswell as at depth where they may represent
locations of undiscovered minerdization (see fig. 35). Even when the geophysica
sgnaure for a polymetalic vein deposgtsisvisble at depth in bedrock (fig. 35), a
minera deposit does not necessarily occur there. Although the existence of the
geophysicd sgnd is not necessary and sufficient for the occurrence of polymetalic vein
deposits, it isastrong indication of possble faulting and (or) minerdization in that area.

The airborne TEM data appear to be able to locate the basin-fill/bedrock contact benesth
basinfill. The basn fill (dry and saturated) is generdly more conductive than the

bedrock; most of the energy in the TEM signd trave s through thisfill. Thelow
conductivity of the bedrock ensuresthat no sgna from the bedrock is received from
beneath the basin fill in most places, and so the bedrock can be interpreted to be the
bottom of the data on the CDTsin most areas of high conductivity basin fill.

Basin depthsin the study area (pl. 1; fig. 1) based on the CDT data differ grestly from
those estimated in a gravity-based study of basin depth (Gettings and Houser, 1997).
Also, on the bagis of the anadlyssin appendix 2, depths to bedrock in most of these
regions of the CDTs are overstated by afactor of aleast 2. Because CDTs based on
arborne TEM data do not see into the bedrock below basin fill, the occurrence of
minerdization in the bedrock concedled by basn fill cannot be ascertained.

Although three-dimensiona analysis of the CDT datais useful for finding trends and

features in the data that are difficult to see when looking at many individua CDT plots, it
does not help digtinguish the geophysicad signature of polymetallic vein deposts.
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Figure 35. Examples of airborne TEM signatures of polymetalic vein deposits based on CDTs.

Conclusions

The objectives of this report were (1) to test whether known mineral deposits at or near
the surface display any signd in the airborne TEM data; (2) to determine whether the
TEM data can be used to locate bedrock conceded by basin fill; and (3) if the exposed
minera deposits display asignd inthe TEM data, to determine whether any deposits are
recognizable at depth in outcropping bedrock or in bedrock concealed benegath basin fill.

1. The polymetdlic minerd deposits of the study area (pl. 1; fig. 1) have ageophysica
sgnature in the CDTsthat are caculated from TEM data. These deposits occur in
bedrock that generdly has avery low resdivity. The polymetdlic vein depodts are
associated with high conductivity regions that extend from deep in the bedrock to the
surface. These regions can be quite narrow (100 m) or quite wide (1 km), but most are
narrow. Every known mineral deposit or prospect in the Cottonwood Canyon arealis
associated with a high conductivity festure. These high conductivity features also occur
without being associated with a known minerd deposit.
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2. The airborne TEM data appear to be able to locate the basin-fill/bedrock contact
beneath basinfill. The bagn fill (dry and saturated) is generdly more conductive than the
bedrock; mogt of the current travels through thisfill. The low conductivity of the bedrock
enaures that no signa from the bedrock is received from under the basin fill in most
places, an so the bedrock can be interpreted to be the bottom of the data on the CDTsin
most aress of high conductivity basin fill.

Basin depthsin the study area (pl. 1; fig. 1) based on the CDT data differ greetly from
those estimated in a gravity based study of basin depth (Gettings and Houser, 1997).
Also, on the basis of the analysisin gppendix 2, depths to bedrock in most of these
regions of the CDTs are overstated by afactor of aleast 2. Because CDTs based on
arborne TEM data do not seeinto the bedrock below basin fill, the occurrence of
minerdization in the bedrock conceded by basin fill cannot be ascertained.

3. The geophysicd signature of polymetdlic vein depositsisvisble a depth in bedrock,
but the existence of the geophysical sgnd is not necessary and sufficient for the
occurrence of polymetalic vein deposits, dthough it is a strong indicator of possible
mineradization in that area. Because CDTs based on airborne TEM data do not seeinto
bedrock below basin fill, the occurrence of minerdization in the bedrock concealed by
basin fill cannot be ascertained.
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Appendix 1.

Data from the Cottonwood Canyon air bor ne time-domain electromagnetic survey of
the Cottonwood Canyon area, southern Arizona

Click here to view datafiles
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Appendix 2.
Comparison of CDT-Based Depth Estimates with Gravity Based Depth Estimates,
Cottonwood Canyon Area, Arizona

A recent sudy by Badyga (2001) andyzed the relation of faultsin basnfill to the
magnetic and gravity expresson of their underlying (bedrock) fault sysems. Badyga
acquired closely spaced gravity and magnetic data dong two profiles in the Cottonwood
Canyon, Ariz. area, named the northern and southern profiles. From these data, forward
models of subsurface geology were calculated and displayed on two cross sections. These
models included the depth to bedrock beneath the basin fill. The spatid density of the

data contributes to the accuracy of the models.

The profiles and their interpreted cross sectionsin Baldyga' s (2001) study lie within the
sudy area of this report. Although the flightlines (and corresponding CDTS) are easi-
west, Baldygad s profiles have a dight northeastward trend (see Baldyga, 2000, p. 56) and
correspond to the eastern part of two of the flightlines. In these areas, Baldyga s profiles
are used to test the estimates of depth to bedrock in this study that are based on TEM
data

The basin fill indudes both the upper basin fill and the more consolidated underlying
Nogaes formation. In section 2.3.b, above, the depth to bedrock in the basin fill is
estimated to be the depth to the bottom of the CDT data. The conductivities of dry and
saturated basin fill are high relative to those of bedrock. The eectromagnetic energy is
disspated in the highly conductive baain fill, and no Sgnd is acquired from the resigtive
bedrock below the fill. The bottom of the CDT data then defines the geometry of the
basn-fill/bedrock contact.

The cross section from Baldygal s (2001) northern profileis shown in fig. A2-1. A red
line has been added to indicate the basin-fill/bedrock contact. Figure A2-2 shows
Badyga s northern profile and the CDT nearest to Baldyga s northern profile, CDT 8.
Both the profile and the CDT are geographicaly registered to a geologic map which dso
shows the position of the flight line that acquired CDT 8 and of Badyga s northern
profile. To be horizontally scaled the same as CDT 8, Baldyga' s cross section had to be
compressed in an east-west sense; as aresult, any text on it was made unreadable. Also,
the patterns used to indicate the different rock types tended to blur together. Thered line
used to indicate the basin-fill/bedrock contact (that was placed on fig. A2-1) remains.
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Figure A2-1. Cross section from Baldyga's (2001) northern profile
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Figure A2-2. CDT 8 georeferenced to Baldyga's (2001) northern profile and geologic map.
Click hereto view at a higher resolution.
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Depth (km)

A comparison of the basin-fill/bedrock contact between Baldyga s (2001) cross section
and CDT 8infigure A2-2 shows severd differences. First, the depth to bedrock is
overestimated on the CDTs. Depth to bedrock ranges from less than 50 m to about 200 m
in Badyga s cross section, whereas depth to bedrock ranges from about 300 to almost
500 min CDT 8.

Second, dthough offsets in the geometry of the basin-fill/bedrock contact appear smilar
in the cross section and CDT 8, they are muted on CDT 8 and lie at exaggerated depths
relative to the cross section (for example, line A2-2a, fig. A2-2). In thisareaafault
cregtes alarge offset on the gravity-based model. The offset of the basin-fill/bedrock
contact is about 200 m, and the up-thrown bedrock block is about 50 m deep. The same
fault appearsin CDT 8, and the bedrock is offset in the same direction asin the cross
section, but the offset in the CDT isless than 100 m and the upthrown bedrock block is
about 400 m deep.
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Figure A2-3. Cross section from Baldyga’'s (2001) southern profile.

Fig. A2-3 shows the cross section from Baldyga s (2001) southern profile, which lies
about 1 km south of the northern profile. Badyga s southern profile lies closest to the
western part of CDT 11. Fig. A2-4 shows Badyga s southern profile, CDT 11 and a
geologic map, al georeferenced to each other.
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Figure A2-4. CDT 11 geor eferenced to Baldyga's (2001) southern profile and geologic map

Click hereto view at a higher resolution.

Two lines (A2-4a and A2-4b) in figure A2-4 are drawn between Baldyga's (2001) cross
section and the CDT. Just east of line A2-4ain Baldyga' s cross section is an upthrown
bedrock block at about 250 m depth; the same feature isvisblein CDT 11 at about 400
m depth. Asin CDT 8, amilar features are visble in the cross section and in the CDT,

but the CDT seems to overestimate depth, and the amount of vertica displacement of this
bedrock block seems to be understated in the CDT.

At line A2-4b in figure A2-4, amapped fault is crossed, and the basin rapidly shdlows
esstward on the bag's of the information in the cross section. In the CDT, the basin-
fill/bedrock contact tends to remain a a congtant depth. The interpretation of the CDT
indicates that exposed bedrock (which may be covered with very thin dluvium, afew
metersthick or less) is reached when a mgor decrease in conductivity occurs at the
surface, at gpproximately the same point where the basin-fill/bedrock contact reachesits
shallowest in Baldyga's (2001) cross section. Thus, asthe basin shalows, the CDT
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dradtically overestimates depth to bedrock but gtill accurately indicates the location of the

mapped basin-fill/bedrock contact on the surface.
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Figure A2-5. L ocation of water well “ D-20-13 36ACD” and CDT 7
Click hereto view at a higher resolution.

Figure A2-5 shows the location of awater well on the geologic map. CDT 7, which
passes dmogt directly over thiswater well, is shown above the geologic map and
georeferenced to the geologic map. The water well is 90 m deep and lies entirdly in basin
fill. The estimated depth to bedrock at the well is 160 m (Gettings and Houser, 1999).
The estimated depth of the basin-fill/bedrock contact at thislocation is about 300 m, on
the basis of CDT 7. The well islocated near the surface outcrop of the basin-fill/bedrock
contact, where CDT-based depth estimates can poor, as demonstrated above.
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SUmmary

Large discrepancies exist between gravity based forward models of the depth of
overburden and CDT-based estimates in the Cottonwood Canyon area. Experiencein
southern Arizonawith numerous gravity-based models indicates that they are fairly
accurate. On this bas's, depth estimates of basin fill based on CDTs derived from TEM
data may be overestimated by afactor of at least 2. Also, vertica displacement of the
basin-fill/bedrock contact concedled by basin fill may be muted in the CDTs, dthough
the CDT's do map the outcrop of this contact quite well.
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